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The outlets from the coolant channels are connected to tail pipes carrying steam-water mixture from the 
individual coolant channels to four steam drums. Steam is separated from the steam-water mixture in steam 
drums, and is supplied to the turbine. The condensate is heated in moderator heat exchangers and feed heaters 
and is returned to steam drums by feed pumps. Four down comers connect each steam drum to the inlet header. 
The schematic arrangement of main components in the reactor block is shown in figure 1. 
 
 
Fig.1. Schematic of reactor block of Advanced Heavy Water Reactor [1]. 
The coolant channel houses the fuel assembly with shielding blocks and has suitable interfaces for coupling 
to the main heat transport system. A suitable interface is provided for coupling the fuelling machine with the 
coolant channel to facilitate removal of hot radioactive fuel from the reactor and introduction of fresh fuel into 
the reactor. The coolant channel has features to accommodate thermal expansion, and irradiation creep and 
growth. 
The vertical coolant channel consists of pressure tube (PT), top and bottom end fittings, and Calandria tube 
(CT). The PT, made of Zr-2.5Nb alloy, is located in the core portion. The core portion is extended with top and 
bottom end fittings made of stainless steel. The feeder pipe is connected to the bottom end fitting through a 
self-energized metal seal coupling which facilitates easy removal. The tail pipe is welded to the top end fitting. 
The light water coolant enters the coolant channel at 533.5 K, flows past the fuel assembly and hot coolant 
flows out as steam–water mixture at 558 K to tail pipes. The annular space between the pressure tube and 
Calandria tube, as shown in figure 2, provides a thermal insulation between the hot coolant and the cold 
moderator. The coolant channel assembly is laterally supported within the lattice tube by two bearings located 
at the two ends of the top end shield lattice tube.  
The principal components of interest are the Calandria vessel, the end shields and the Calandria tubes. 
Calandria vessel and two end shields on either side of it share a common tube sheets. The Calandria tubes 
which are rigidly attached to the inner surface of the common tube sheets of end shields and Calandria vessel 
form an integral assembly with Calandria shell and the two end shields. During reactor operation, the Calandria 
tubes undergo dimensional changes as a result of thermal expansion and irradiation creep and growth under fast 
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neutron flux while the Calandria vessel and end shields having been located in low flux regions remain 
dimensionally stable [2]. The objective of the present work is to calculate the stresses in Calandria tubes and 
Calandria vessel as a result of locked thermal expansion and irradiation induced creep and growth related 
deformations in Calandria tubes. 
 
Fig.2. Cross section in core region of a typical coolant channel assembly of AHWR [1]. 
2. Material properties and different configuration studied 
The properties of the materials of Calandria tube and Calandria vessel considered in the analysis are given in 
table 1. Cases considered in present analyses are pertaining to the support configurations of the end shields. 
These support configurations are described below.  
1. End shields are rigidly fixed. 
2. Top end shield is floating. 
3. Bottom end shield is floating.   
For each support configuration, cases of straight Calandria tube and Calandria tubes with initial bow of 2.5 
mm have been separately analysed. 
Table 1: Properties of Calandria tube at average moderator temperature (67.5°C) [6]. 
S. No. Properties Calandria Tube 
1. Material Annealed Zircaloy –4 
2. Coefficient of thermal exp. 5.2E–06 
3. Young’s modulus of elasticity 91305 MPa 
4. Allowable Stress 123.9 MPa 
5. Poisson’s Ratio 0.372 
3. Deformation in Calandria tube due to irradiation induced growth  
As reported in [3-5], growth has been observed in annealed Zircaloy-2 Calandria tubes up to a fluence of 
8.0E25 n/m2 and after that it gets stabilized as shown in the figure 3. Zircaloy-4 and Zircaloy-2 having similar 
alloy composition except for the Nickel are likely to behave in similar manner in neutron environment. Growth 
rate of the Calandria tube varies with time. The steady state strain rate due to growth of Calandria tube is 
comparatively high up to around 1.5 FPY, then the rate decreases and after around 25 FPYs the strain due to 
growth remains constant. 
Assuming the average flux in the core as the flux on the Calandria tube, the growth strain data is available 
till ~54 FPYs of operation of AHWR. As the growth gets stabilized after this time, it can be further 
extrapolated for total life of the component i.e. 100 FPYs, however it should be monitored for any breakaway 
in growth rate. The strain rate up to 1.5 FPYs comes out to be 
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1
.
888.2 −−= hregε
 and from 1.5 to 25 FPYs come out to be 
1
.
106.9 −−= hregε
. 
At the stabilized growth strain rate, growth strain at the end of life time will be 6.0E-4 and with this value the 
dimension changes in the length will be around 3.2 mm. 
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Fig. 3. Growth strain curve for annealed Zircaloy – 2 at 353 K. 
3.1. Case (a) - Rigidly fixed end shields  
Under operating condition, as the tube elongates due to thermal expansion and irradiation growth, reaction 
on the tube will increase. This will induce compressive stress and creep will have a tendency to relax the 
induced stresses. 
Induced stress due to restrain of thermal expansion under operating condition at the start of the reactor is 
given by: 
σT = 22.55 MPa 
Apparent thermal strain would be 
εT = 2.47 e –4 
Growth rate of the Calandria tube varies with time. The steady state strain rate due to growth of Calandria 
tube [8] is comparatively high up to around 1.5 FPYs, then the rate decreases and after around 25 FPYs the 
strain due to growth remains constant. Accordingly, the axial stresses and corresponding reaction loads are 
calculated at different time intervals as follows: 
 
1. Up to 1.5 FPYs 
The strain rate due to growth is given as 
1
.
888.2 −−= hregε
 
So strain after t hrs can be given as  
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teg 888.2 −=ε
 
The stress induced in Calandria tube due to this strain at time t is given as 
gg Eεσ =
 
MPateg 363.2 −=σ
 
This net compressive stress due to restrain of growth and thermal expansion 
teN 363.255.22 −+=σ
 
The net induced stress would cause creep relaxation. The creep rate can be given as [2] 
φσε 1
.
Kc =
 
K1 = 1.4E-27 
φ= 1.0E17 nm2s-1 
σ  Axial stress in MPa 
Substituting the values, strain due to creep at time ‘t’ 
( )tteec 363.255.22104.1 −+−=ε
 
So, the net strain rate due to effect of thermal, growth and creep 
( )tteeteeN 363.255.22104.1888.2447.2 −+−−−+−=ε
 
So, after 1.5 FPY (13,140 hrs.) the net strain 
4204.5 −= eNε
 
Net stress resulting from this strain 
MPaN 52.47=σ
 
Reaction load on the end shield due to one Calandria tube 
F=5.7 tonnes 
 
2. From 1.5 FPYs to 25 FPYs 
The strain rate due to growth is given as 
1
.
106.9 −−= hregε
 
So strain after t hrs can be given as  
teg 106.9 −=ε
 
The stress induced in Calandria tube due to this strain at time t is given as 
gg Eεσ =
 
MPateg 577.8 −=σ
 
Accumulated stress at the end of 1.5 FPYs= 47.52 MPa 
Hence, The net stress due to restrain of growth and thermal expansion 
MPateN 577.852.47 −+=σ
 
Substituting these values, strain due to creep at time ‘t’ 
( )1.4 10 47.52 8.77 5c e e t tε = − + −
 
So, the net strain rate due to effect of thermal, growth and creep 
( )5.204 4 9.6 10 1.4 10 47.52 8.77 5N e e t e e t tε = − + − − − + −
 
2142278.19693.54204.5 teteeN −−−−−=ε
 
As we can observe from the nature of this equation, the net strain decreases with time after 1.5 FPYs. So the 
maximum reaction at any point of time during the total life of the component would be around 5.7 t. 
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A FORTRAN program has been developed to write these equations in incremental form to allow for creep 
with growth in small time intervals. The variation of reaction with time has been calculated and it has been 
plotted in figure number 4. 
 
Fig. 4. Variation of end reaction on Calandria tube with time. 
In this analysis it has been assumed that the end shields are rigid and do not deform due to loads coming on 
it. Though this assumption is strictly not true, however, it is conservative as it will maximize the induced 
stresses by minimising the displacements. Calandria tubes are submerged in heavy water moderator, which is 
maintained at an average temperature of 67.5 ºC during normal operating condition. At this temperature, it will 
undergo thermal expansion. At the same time, fast neutron flux existing at Calandria tube location will cause 
dimensional changes in it due to irradiation growth. The restricted axial deformation due to fixed support 
condition of both the end shields will induce compressive stresses in the Calandria tubes and consequently 
creep will set in to reduce the stresses. Amount of loads that will act on the Calandria tubes have been 
evaluated by both finite element based code NISA [7] as well as the closed form equations and are given in 
table 2. 
Table 2: Load acting on the Calandria tube due to fixed end condition. 
S. 
No. Load Cases 
Maximum 
Reaction 
(N) 
Maximum Transverse 
Displacement (mm) Remarks 
1. Restrain of thermal expansion in straight Calandria 
tube 24682.4 0.0 
Instability does not set 
in due to this. 
2. Restrain of thermal expansion and growth in straight Calandria tube 62500.3 0.0 
Instability does not set 
in due to this. 
3. Restrain of thermal expansion in Calandria tube with 
an initial bow of 2.5 mm 24678.2 0.11  
4. Restrain of thermal expansion and growth in Calandria tube with an initial bow of 2.5 mm 57158.6 0.42  
 
Reaction on the Calandria tube goes to a maximum value of around 60000 Newtons (6 tonnes) for the 
conditions of restrained thermal expansion and irradiation induced growth (not considering the creep of 
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Calandria tubes). Consideration of creep will gradually lead to reduction in this reaction load but Calandria 
tube / tube sheet will experience a maximum of 6 tonnes of load during the design life of the component as 
shown in figure 4. This may lead to a very high value of stress in tube sheets and Calandria tubes. These high 
stresses can be relaxed by keeping any of the end shields floating. Figures 5 and 6 illustrate displacement 
contours in Y direction and Von-Mises stress contours for thermal load. 
 
 
Fig. 5. Displacement contour in Y direction for thermal loads. 
 
Fig. 6. Von-Mises stress contour for thermal load. 
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3.2. Case (b) - Top end shield floating 
In this configuration the top end shield has been considered resting freely on the Calandria vessel. The 
Calandria vessels and Calandria tubes have been considered as springs in parallel arranged between the two end 
shields. These springs undergo deformation due to dead weight of top end shield and coolant channel 
assemblies. Additionally, deformation due to the thermal expansions of Calandria tubes and Calandria vessel 
and irradiation induced growth of Calandria tubes are to be accommodated by these parallel springs. The loads 
considered are as listed in table 3. The stresses generated in Calandria tube and vessel in case of floating top 
end shield are listed in table 4. 
Table 3: Weight and stiffness of components. 
S. No. Description Value 
1. Weight of the top end-shield 350 tonnes 
2. Weight of 452 coolant channels 452*2 tonnes = 904 tonnes 
3. Axial stiffness of Calandria tube KCT =18,855 N/mm = 1.922 tonnes/mm 
4. Axial stiffness of Calandria vessel 788 kN/mm 
Table 4: Stresses generated in Calandria tube and vessel in case of floating top end shield. 
S. No. Loading cases Stresses Calandria tube Calandria vessel 
1. Dead weight 22.7 (compressive) 30 ( tensile) 
2. Dead weight + thermal expansion 18.9 (compressive) 83 (compressive) 
3. Dead weight + thermal expansion+ growth 23.8 (compressive) 18 (compressive) 
3.3. Case (c) - Bottom end of Calandria vessel floating 
In this configuration, the Calandria vessel has been provided with a separate tube sheet. This tube sheet is 
supported on an annulus plate assembly which again is supported on the on the top tube sheet of the bottom 
end-shield. There will be gap between the tube sheet of the Calandria vessel and the top tube sheet of bottom 
end-shield. In this configuration, the dead weight of Calandria tubes, Calandria vessel, moderator and bottom 
end shield will be shared by the Calandria vessel and the Calandria tubes. This will induce tensile stresses in 
the Calandria tubes. Elongation in Calandria tubes and Calandria vessel due to thermal expansion and 
irradiation induced growth (Calandria tubes only) will most likely be accommodated by flexible annulus plate 
provided for keeping the floating nature of bottom end shields. 
In this design the additional components such as annulus plate assembly, additional tube sheets for bottom 
end shields will be required. Also, the stresses in Calandria vessel will be changed to tensile loading throughout 
the design life compared to compressive with the floating top end shield configuration. Considering critical 
circumferential welds between Calandria vessel and end-shields, it is favorable to keep vessel in compression 
than in tension. 
4. Conclusion 
This investigation gives an overall appraisal of the deformation phenomenon in the Calandria vessel – 
Calandria tube assembly in the case of normal operation of the reactor during its design life. With the floating 
design, the stress levels in Calandria tubes reduce to less than half as in case of fixed end shields. The 
displacement of top end shield due to dead weight and thermal expansion almost nullify each other. With the 
passage of time, as the Calandria tube grows and creeps, the displacement is not expected to increase beyond 3 
mm. The reported stress levels in Calandria shell are in the annular plate region, although the stress levels in 
the main and sub shells are quite low. The stress levels in annular plate can still be reduced by optimizing its 
thickness and diameter. 
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